Plant HSP101 has dual activities, first, in conferring thermotolerance, and secondly, in serving as a translational activator. In this study, we introduced Oryza sativa Hsp101 (osHsp101) cDNA into tobacco by Agrobacterium-mediated transformation. Stable integration and expression of the transgene into the tobacco genome was demonstrated by Southern and Western blot analysis. Overexpression of osHSP101 had no noticeable effect on growth or development of the transgenic plants. Homozygous T 2 transgenic plants with overexpressed osHSP101 survived heat treatment better than untransformed control plants. In addition, taking advantage of conferring basal thermotolerance by plant HSP101, we were able to demonstrate the feasibility of using osHsp101 as a selection marker and select the transformants under high temperature in tobacco leaf disc transformation mediated by Agrobacterium. Furthermore, transgenic tobacco plants with overexpressed osHSP101 were able to enhance luciferase expression up to 2.9-fold more than untransformed plants in the progeny of reciprocally crossed with omega-luciferase reporter lines.
Introduction
Heat stress is detrimental to both the vegetative and reproductive stages of plant development. The ability of plants to withstand heat stress may be of great importance to agricultural productivity. Heat shock proteins (HSPs) comprise a group of highly conserved proteins that can be induced upon subjecting organisms to high temperature stress. HSPs are molecular chaperones and play critical roles in cellular homeostasis under both normal and adverse growth conditions. Five major categories of HSPs are recognized according to their molecular masses: HSP100, HSP90, HSP70, HSP60 and small HSP (sHSP) (Wang et al. 2004) .
Yeast hsp104, belonging to the Hsp100/ClpB family, has been identified as playing a critical role in cell survival at extreme growth temperatures as well as at high concentrations of ethanol (20%) (Sanchez et al. 1992 , Schirmer et al. 1996 . Under normal growth conditions, the yeast hsp104 mutant grows at the same rate as wild-type cells. However, when cells are grown under heat and ethanol stress, the mutants die at a rate 100-1,000 times faster than the wild type (Schirmer et al. 1996) . Plant homologs of yeast hsp104 have been characterized in Arabidopsis, maize, pea, kidney bean, soybean, wheat, tobacco, lima bean and rice (Lee et al. 1994 , Schirmer et al. 1994 , Boston et al. 1996 , Nieto-Sotelo et al. 1999 , Queitsch et al. 2000 , Campbell et al. 2001 ). Plant Hsp100 homologs were able to complement the yeast hsp104 deletion mutants and at least partially restore thermotolerance (Lee et al. 1994 , Schirmer et al. 1994 , Wells et al. 1998 . In addition, overexpression of AtHsp101 can significantly improve the thermotolerance of both rice and Arabidopsis when they grow under high temperature stress (Queitsch et al. 2000 . In contrast, inhibition of Hsp101 expression through antisense, co-suppression or T-DNA insertion/transposon knockout can reduce the acquired thermotolerance both in Arabidopsis and in maize (Queitsch et al. 2000 , Hong and Vierling 2001 . Nieto-Sotelo et al. 2002 . Furthermore, mutant screening in Arabidopsis has identified hsp101 (hot1) as one of the seven genetic loci required for acquired thermotolerance Vierling 2000, Hong et al. 2003) . Loss of thermotolerance in hot1-1 mutants results from a point mutation in the second ATP-binding domain of HSP101 . However, the alterations of HSP101 expression have no detrimental effects on normal plant growth or development in the absence of stress (Queitsch et al. 2000 , Hong and Vierling 2001 , Nieto-Sotelo et al. 2002 . Taken together, these results further demonstrated that HSP101 is essential for the survival of plants under heat stress.
In yeast, HSP101 acts together with HSP70 and HSP40 to form a refolding machinery (Glover and Lindquist 1998) .
In a recent report, rice HSP101 was able to complement yeast hsp104 mutants in resolublizing the stress-induced protein granules during the recovery phase, implying a conservative role for HSP101 in the recovery from cell stress . Recently, based on the co-immunoprecipitation of HSP101 with cytosolic HSP70 in maize, it was suggested that plant HSP101 interacts with other molecular chaperones to refold aggregated denatured proteins as well (Zhang and Guy 2005) . Indeed, sHSPs can bind to denatured proteins, and maintain them in a folding-competent state for the further refolding by HSP70/ HSP100/DnaJ machinery in pea (Lee and Vierling 2000) . In addition, the intragenic suppressor of the Arabidopsis hot1-4 mutant (A499T), a gain-of-function allele of AtHsp101, could restore the solubility of aggregated sHSPs after heat stress, further revealing genetic evidence for interaction of the HSP101 and sHSP chaperone system in higher plants (Lee et al. 2005) . Therefore, it is not surprising that in order to maintain cellular homeostasis, different groups of HSPs/chaperones must coordinate in cellular protection and play complementary or sometimes overlapping roles in the protection of protein from damage under stress. When denatured or misfolded proteins form aggregates, they can be resolubilized by HSP100/Clp followed by refolding, or degraded by protease.
HSP101 has dual functional properties in plants. Beside thermotolerance, HSP101 can bind to the omega () sequence of the 5 0 -untranslated region (UTR) from tobacco mosaic virus (TMV) and enhance the translational activity of reporter gene transcripts in both yeast and plant protoplasts (Wells et al. 1998 ). In addition, HSP101 can also interact with the internal light-regulatory element (iLRE) of ferredoxin mRNA, and mediate its high level of translational activity (Ling et al. 2000) . A current working model proposes that the HSP101-complex is functionally analogous to the eIF4E-5 0 -cap and PABP-poly(A) tail complexes in which it serves to recruit eIF4F to an mRNA in order to enhance translation (Gallie 2002) .
Owing to easy access to the rice Hsp101 cDNA clone from the NIAS DNA Bank in Japan, we applied rice HSP101 for its dual functional properties in tobacco for various purposes. The reason that we chose tobacco is that it is a crop with easy transformation, regeneration, growth and genetic crossing, and the fact that it can produce many progeny. In this study, we first tested the thermotolerance of transgenic tobacco lines overexpressing rice HSP101. We showed that transgenic tobacco lines overexpressing osHSP101 exhibit increased tolerance to high temperature stress compared with untransformed plants. In addition, we applied Hsp101 as a selection marker and were able to select transformants under high temperature in the process of tobacco transformation. Furthermore, we demonstrated that osHSP101 can transactivate the translation of reporter transcripts with the omega sequence in the 5 0 UTR in planta by reciprocally crossing osHSP101 and -luciferase transgenic lines.
Results

Overexpression of osHSP101 in tobacco plants
We constructed two plant nuclear expression vectors to overexpress the rice heat shock protein 101 (osHSP101) in tobacco (Fig. 1) . pHSP expresses osHsp101 cDNA with 121 bp of the 5 0 UTR driven by the cauliflower mosaic virus (CaMV) 35S promoter. pHSP has the same organization in the osHsp101 expression cassette as pHSP, except that an additional 64 nucleotides of the sequence from the 5 0 UTR of TMV and a GUS (b-glucuronidase) expression cassette are present (Fig. 1 ). These two expression plasmids were individually transformed into tobacco by Agrobacterium-mediated methods.
A total of 42 kanamycin-resistant transformants were regenerated from pHsp-derived callus, and 17 kanamycinresistant transformants were regenerated from pHspderived callus. The integration of osHsp101 expression cassettes into tobacco chromosomes was checked by PCR with a forward primer from osHsp101 and a reverse primer from the Nos terminator. Sixteen out of 42 transformants from the pHsp lines and seven out of 17 transformants from the pHsp lines could be PCR amplified as fragments of the expected size of 763 bp and contained the transgene in the chromosome (data not shown). T 1 progeny of self-pollinated T 0 plants were germinated on MS medium containing kanamycin (100 mg ml À1 ). Segregation analysis of transgenic tobacco lines indicated that Mendelian inheritance was 3 : 1, suggesting that the transgene had integrated at a single locus (data not shown). To further confirm the copy number of the inherited transgene in selected putative homozygous T 2 tobacco plants, total DNA was digested with either EcoRI or HindIII, and was probed with the 609 bp digoxigenin-labeled DNA fragments between two ATP-binding domains from osHsp101 cDNA. DNA filter hybridization indicated the presence of a single copy of the transgene in the chromosome ( Fig. 2A, B) . To measure the protein expression level, total soluble proteins were extracted from 14-day-old leaves of T 1 transgenic and untransformed plants grown at 228C, together with those from untransformed plants subjected to high temperature stress (388C) for 90 min. Western blot analysis using antiserum against osHSP101 protein demonstrated the presence of a corresponding protein in all transgenic T 1 plants as well as in untransformed plants based on an equal amount of protein. Anti-osHSP101 antiserum was raised against the 199 amino acids between two ATP-binding domains of osHSP101. Owing to the high Application of osHsp101 in protein expression and plant transformationamino acid sequence homology (82%) between rice and tobacco HSP101, it was expected that the antiserum against osHSP101 would also cross-react with endogenous tobacco HSP101 protein. Nevertheless, the transgenic lines expressed a higher level of HSP101 protein than untransformed plants based on an equal amount of proteins, and contained up to 73% of the HSP101 normally induced by heat pre-treatment (388C, 90 min) (data not shown). HSP101 protein expression levels were further analyzed in selected homozygous transgenic T 2 lines (Fig. 3A) . Since overexpression of HSP101 did not change the expression level of HSP70 or other sHSPs according to a previous study of Arabidopsis (Queitsch et al. 2000) , we compared the HSP101 expression level among transgenic lines by internalizing the amount of HSP70 among them. Constitutive overexpression of osHSP101 in transgenic lines resulted in a 3-to 11-fold increase in protein level over endogenous tobacco HSP101 under normal 228C growth conditions (Fig. 3B) which contain the sequence as a translational enhancer in the 5 0 UTR did not express a higher protein level than the pHSP lines in our study.
Thermotolerance assay
Three homozygous T 2 progeny of transgenic tobacco lines (H23, H40 and H6), which showed various levels of osHSP101 protein, were selected for the thermotolerance assay. Fourteen-day-old transgenic plants (H6 line) as well as untransformed plants were directly exposed to a high temperature environment (498C, 70 min) and subsequently placed at 258C for recovery. The heat stress-induced damage was extensive in the control as well as in the transgenic plants (Fig. 4A ). The leaves of these plants gradually turned chlorotic and wilted. However, after 5 d of recovery, new leaves emerged in the transgenic lines while the control plants showed no such signs of survival. To investigate the possible correlation of HSP101 expression level with thermotolerance, we also compared the thermotolerance of the line with the highest expression (H40) with that of the line with the lowest expression (H23) under heat treatment (508C, 50 min). The results indicated that the thermotolerance was better during the recovery phase among lines with higher HSP101 expression (Fig. 4B ). Taken together, our results show that heterologous overexpression of rice HSP101 in tobacco enhanced basal thermotolerance.
osHsp101 as a selection marker
Overexpression of plant HSP101 confers basal thermotolerance in tobacco as shown in this study, as well as in rice and Arabidopsis according to previous reports (Queitsch et al. 2000 . To investigate the possibility of using Hsp101 as a selection marker in plant transformation, we constructed the pHspGus plasmid carrying the osHsp101 expression cassette as well as the GUS reporter gene cassette (Fig. 1) . The tobacco leaf discs were transformed by an Agrobacterium-mediated procedure described in Materials and Methods. Then some of the transformed leaf discs ) with differential expression of osHSP101 were subjected to heat treatment (508C, 50 min), and returned to 258C for recovery. Photographs were taken either before or after 7 and 13 d of heat treatment as indicated.
Application of osHsp101 in protein expression and plant transformationwere selected with or without kanamycin (100 mg ml
À1
). However, the others were allowed to continue to grow for another 5 d, and then, instead of using antibiotics as a selective agent, the leaf discs were exposed to heat treatment (478C, 60 min) for selection. The GUS gene contains the intron from the castor bean catalase gene to ensure detection of plant-specific gus expression. The surviving transformants after heat treatment with successful integration of the transgene into chromosomes were revealed by histochemical GUS staining. Our result demonstrated that Agrobacterium-mediated transformation of tobacco through heat selection is feasible (Fig. 5 ). The callus with GUS expression could account for 27-65% of total surviving callus.
Transactivation of luciferase expression by osHSP101 in planta
HSP101 can bind to the sequence of TMV and the iLRE of ferredoxin mRNA, and therefore enhance the translational activity of reporter gene transcripts in transient assays (Ling et al. 2000) . In order to explore the possibility of using HSP101 to enhance foreign protein expression in planta, we constructed a nuclear expression vector (pLuc) carrying luciferase (luc) as a reporter gene with in the 5 0 UTR (Fig. 1) . Two lines (Luc4 and Luc6) of selected homozygous T 2 transgenic plants in which the expression level of luciferase proteins was about 3-fold higher in the Luc6 than in the Luc4 transgenic line were obtained as reporter lines (data not shown). A single copy of luciferase transgene integration in the chromosome was detected in these two lines by DNA filter hybridization (Fig. 2C) . The -luc reporter lines were either self-crossed or were used as parents to reciprocally cross with homozygous transgenic osHSP101 lines, ARVS1 lines or untransformed plants. Five homozygous osHSP101 overexpresseion lines (H38, H40, H3, H6 and TPH10) were selected for this study. H38 and H40 are derived from pHsp lines, while H3 and H6 are independent lines of pHsp. In addition, TPH10 is a transgenic line, in which the organization of expression cassettes is the same as in pHsp lines, except that an additional 57 amino acids of chloroplast transit peptide from the RuBisCO small subunit are present in the N-terminus of osHSP101, which might direct the osHSP101 protein to plastids in the TPH10 line (Lin 2005) . ARVS1 is a transgenic line in which the expression of the avian reovirus S1 gene-encoded C coat protein was driven by the CaMV 35S promoter (Huang 2005) . Therefore, TPH10 and ARVS1 lines as well as untransformed plants were used as control parents in this reciprocal cross study. The luciferase activities were assayed in the 14-day-old progeny of reciprocally crossed lines. As shown in Fig. 6A , when the Luc4 reporter line was used as male parent, the luciferase activity was enhanced 1.2-, 2.3-, 2.9-and 1.5-fold, respectively, in the progeny of
Heat selection of tobacco leaf discs after Agrobacteriummediated transformation. Tobacco leaf discs were transformed with an Agrobacterium-carrying pHspGus binary vector. Some samples were selected on TSM medium with or without kanamycin (100 mg ml À1 ). The other samples were incubated at 478C in a water bath for 60 min for heat treatment. After heat treatment, the leaf discs were grown in a 258C growth chamber with a 16 h photoperiod for 3 weeks, and then subjected to histochemical staining with X-gluc solution. (A) Without selection; (B) kanamysin selection; (C) heat selection; (D) GUS staining after kanamycin selection; (E) GUS staining after heat selection. lines with overexpressed osHSP101 (H38, H40, H3 and H6) over that in untransformed plants as female parents. As shown in Fig. 6B , the luciferase activity was enhanced 2.3-, 2.5-, 1.8-and 1.6-fold, respectively, in the progeny of the Luc4 reporter line as female parent and in lines with overexpressed osHSP101 (H38, H40, H3 and H6) over that in untransformed plants used as male parents. Although the progeny of crossed osHSP101 lines have only one copy of luciferase transgene, the luciferase activity is generally higher than in self-crossed Luc4 lines which have two transgene copies in the chromosome. To test the degree of enhancement by osHSP101 with different expression levels in reporter lines, a line with high luciferase expression (Luc6) was selected. As shown in Fig. 6C , the luciferase activity was enhanced 1.5-, 1.9-, 1.3-and 1.4-fold, respectively, in the progeny using Luc6 reporter lines as male parent and osHSP101 overexpression lines (H38, H40, H3 and H6) over that in untransformed plants used as female parents. As shown in Fig. 6D , the luciferase activity was enhanced 1.8-, 2.0-and 1.2-fold, respectively, in the crossed progeny with Luc6 reporter lines as female parent and lines with overexpressed osHSP101 (H38, H40 and H3) as the male parent over that in untransformed plants. Although the crossed progeny with osHSP101 lines (H38 and H40) as male parents had only one copy of the luciferase gene, the luciferase activity was slightly higher than that of self-crossed Luc6 lines which had two transgene copies in the chromosome. Taken together, our results suggest that transgenic plants with overexpressed osHSP101 can enhance luciferase expression better than control plants. However, the enhancement is greater when the level of luciferase expression is low in plants.
Discussion
In this study, transgenic tobacco lines overexpressing rice HSP101 protein were obtained. The osHsp101 cDNA carrying or not carrying the TMV sequence as a translational enhancer was driven by the CaMV 35S promoter. The strong constitutive expression of osHSP101 in transgenic tobacco lines has no noticeable effect on plant growth or development, as was previously reported in rice and Arabidopsis (Queitsch et al. 2000 . Segregation analysis of transgenic lines demonstrated Mendelian inheritance (3 : 1) of the transgene. Southern blotting hybridization suggests integration of a single copy of the transgene in the chromosome (Fig. 2) . Molecular analysis of transgenic tobacco plants carried out for three consecutive generations confirmed the stability and strong expression of the transgene.
Constitutive overexpression of osHSP101 in transgenic lines resulted in a 3-to 11-fold increase in protein level compared with untransformed plants (Fig. 3) .
Since HSP101 can bind to the sequence in the 5 0 UTR and thus activate the translation of reporter transcripts in yeast and plant protoplasts (Wells et al. 1998 , Gallie 2002 , we expected that the expression of osHSP101 might be up-regulated in pHsp transgenic lines which contain the sequence as a translational enhancer in the 5 0 UTR of osHsp101 cDNA. However, in our study, transgenic plants from pHsp lines did not express higher protein levels than pHSP lines (Fig. 3 and unpublished data) . There are several explanations for the results. First, the sample size is limited in our study, and the positional effect of gene integration into the chromosome might predominate over the up-regulation effect of the sequence. Secondly, the osHSP101 from rice might weakly bind to the sequence and not greatly activate translation of its downstream transcripts, though the amino acid sequence homology is as high as 82% between rice and tobacco HSP101. This is likely since the wheat HSP101 in which the sequence is 93% identical to rice HSP101 binds more weakly to the sequence than tobacco HSP101, and although it can translationally activate its downstream gene expression, the degree of enhancement was reduced compared with tobacco HSP101 in a yeast transient assay system (Wells et al. 1998) .
Homozygous T 2 transgenic plants with overexpressed osHSP101 can survive heat treatment better than untransformed control plants (Fig. 4A) . To investigate if the protein expression level was related to thermotolerance, the thermotolerance of selected transgenic lines with different osHsp101 expression levels was tested. In our study, dosage relationships were apparent. Stronger constitutive lines with the higher levels of osHSP101 expression were better able to withstand heat stress (Fig. 4B) . Our results are consistent with previous reports on enhancement of thermotolerance in transgenic Arabidopsis and rice by overexpression of Hsp101 cDNA from Arabidopsis (Queitsch et al. 2000 . In contrast, suppression or transposon knockout of Hsp101 expression reduced basal and acquired thermotolerance in Arabidopsis as well as in maize (Queitsch et al. 2000 , Nieto-Sotelo et al. 2002 . Taken together, these results further demonstrated that HSP101 is critical for the survival of plants under heat stress.
To produce transgenic plants, selectable markers are necessary to distinguish successfully transformed cells from untransformed cells. To date, antibiotic-and herbicide-resistant genes-such as the neomycin phosphotransferase gene (nptII) , Goodwin et al. 2005 , hygromycin phosphotransferase gene (hph) (Caplan et al. 1992 ) and phosphinothricin acetyltransferase gene (bar) (Rathore et al. 1993 , Goodwin et al. 2005 )-have been commonly used as major marker genes in plant transformation. However, this use has given rise to ecological concerns as well as worries over food safety. Several alternative selection systems have recently been developed which obviate the need for resistance genes in transgenic plants (Miki and McHugh 2004, Zhu et al. 2004) . In this study, we have successfully demonstrated the feasibility of using the rice heat shock protein gene (osHsp101) as a selection marker, and transformants were selected under a high temperature environment. The transformants with HSP101 expressed at a high level can survive under high temperature stress, while those with only endogenous or low levels of HSP101 will inevitably die (Fig. 5) . In addition to assuaging environmental and food safety concerns, this novel selection method might have the advantage of producing transgenic plants that carry the thermotolerance trait. Given the high conservation of Hsp101 in evolution, and the fact that overexpression of Hsp101 can enhance basal thermotolerance in plants, one should expect that the use of Hsp101 as a selection marker for transformation is feasible in other crops as well. However, our study was based on the GUS staining of callus; further regeneration of transformants after heat selection and Southern blot analysis is needed to demonstrate the transformation efficiency by this approach in the future.
HSP101 can bind to the sequence of TMV or the iLRE of ferredoxin mRNA and mediate a high level of translational activity of the reporter gene transcripts in both yeast and plant protoplasts (Wells et al. 1998 , Ling et al. 2000 . It was proposed that the HSP101-complex is functionally similar to the eIF4E-5 0 -cap and PABP-poly(A) tail complexes in that it works to recruit eIF4F to an mRNA in order to enhance translation (Gallie 2002) . A major obstacle to the development of plants as bioreactors is the low protein expression level. Therefore, the sequence of TMV has been used as a translational enhancer for the enhancement of foreign protein expression in plants. Although Hsp101 is commonly present in plants and can be inducible by stress among plant species, no examples, to our knowledge, of engineering plant HSP101 as a translational activator to enhance protein expression have yet appeared. Previous studies of the activation of the expression of -reporter transcripts by plant HSP101 used transient assays in either yeast or plant protoplasts, in which the transient assay systems could not represent the situation in planta. In this study, we were able to demonstrate, by reciprocally crossing -luciferase reporter lines with osHSP101 transgenic tobacco, that osHSP101 can transactivate luciferase expression 1.2-to 2.9-fold in planta compared with untransformed plants (Fig. 6) . Also, we found that the transactivation effect is greater when the transgene expression level is low. Our findings will provide an alternative approach to enhance foreign protein expression in developing plants as bioreactors.
Materials and Methods
Construction of plant osHsp101 and luciferase expression vectors
Rice full-length Hsp101 cDNA clone (accession No. AU093088) was obtained from the DNA Bank, National Institute of Agrobiological Science, Japan. The rice Hsp101 was amplified by PCR using a pair of primers with forward primer Hd3 (5 0 -AAGCTTAGATCAAACGCCGAAGCAATTC-3 0 ) and reverse primer Bgl2 (5 0 -AGATCTCTACTCTTCGTCCATGCCG TC-3 0 ). The 2,872 bp DNA fragments of rice Hsp101 PCR products were cloned into the pGEM-T vector (Promega, Madison, WI, USA) to generate pHSP-TA. The DNA fragments carrying the double CaMV 35S promoter were PCR amplified with pCAMBIA1380 (CAMBIA, Canberra, Australia) as template and a primer pair comprising forward primer CaEcoR1 (5 0 -GAA TTCATGGTGGAGCACGACACTC-3 0 ) and reverse primer CaHd3 (5 0 -AAGCTTAGAGATAGATTTGTAGAGAGAG-3 0 ). The 793 bp PCR-amplified DNA fragments were cloned into pGEM-T vector to obtain pD35SP-TA. The binary vector pCAMBIA2390 was created based on the plasmid backbone of pCAMBIA1390 with replacement of the hygromycin selection cassette between SacII and BstXI sites by a kanamycin selection cassette from pCAMBIA2301. The 793 bp DNA fragments of EcoRI/HindIII-digested pD35SP-TA were ligated with the 2,872 bp DNA fragments of HindIII/SpeI-digested pHSP-TA and then cloned into the EcoRI/SpeI site of pCAMBIA2390 to generate the pHsp vector (Fig. 1) . The 3,985 bp DNA fragments of EcoRI/KpnIdigested pHsp101 (Lu 2004) were ligated with 11,613 bp of EcoRI/ KpnI-digested pCAMBIA2305.1 to generate the pHspGus expression construct (Fig. 1) . The sequence of the TMV 5 0 UTR was annealed and extended with the primer pair FH3 (5 0 -AAGCTTT TTTACAACAATTACCAACAACAACAAACAACAAACAAC ATTACAAT-3 0 ) and RH3 (5 0 -AAGCTTTGTAATTGTAAAT AGTAATTGTAATGTTGTTTGTTGT-3 0 ), and cloned into the HindIII site of pHsp101 to generate pH101. The 4,063 bp DNA fragments of EcoRI/KpnI-digested pH101 were ligated with 11,613 bp of EcoRI/KpnI-digested pCAMBIA2305.1 to generate the pHsp expression plasmid (Fig. 1) .
The pJD301 plasmids (Luehrsen and Walbot 1991) -which contain the CaMV 35S promoter, the sequence, the luciferase gene and the Nos terminator-were digested with BglII and PstI, and the 2,714 bp fragments were ligated with 3,236 bp of BglII/ PstI-digested pHsp101 plasmid to obtain the pLucH plasmid. The 3,054 bp fragments of KpnI/PstI-digested pLucH were ligated with 11,603 bp of KpnI/PstI-digested pCAMBIA2305.1 to generate the pLuc expression vector. pHsp, pHspGus, pHsp and pLuc were checked by restriction analysis and then transformed individually into Agrobacterium tumefaciens strain LBA4404 by electroporation.
Plant transformation
Tobacco (Nicotiana tabacum L. cv. Petit Havana) leaf discs were transformed according to the procedure described previously (Horsch et al. 1986) . Leaf discs (6 mm) infected with A. tumefaciens strain LBA4404 carrying pHsp, pHsp or pLuc expression plasmids were incubated on TSM medium [4.4% Murashige and Skoog (MS) medium with vitamin, 3% sucrose, 0.1 mg l À1 naphthalene acetic acid (NAA), 1.0 mg l À1 benzyladenine (BA) and 0.3% phytagel, pH 5.7] containing both cefotaxime (250 mg ml
À1
) and kanamycin (100 mg ml À1 ) for selection. After a few weeks, the regenerated shoots were transferred to TRM medium (4.4% MS with vitamin, 3% sucrose, 0.1 mg l À1 NAA, and Application of osHsp101 in protein expression and plant transformation0.3% phytagel, pH 5.7) containing kanamycin (100 mg ml À1 ) for rooting. Transformants for pHsp and pHsp lines were further screened by PCR analysis with a primer pair of forward primer Hspf (5 0 -ACTCAGGAAGGTCGCCCGTCTC-3 0 ) and reverse primer NoskpnI (5 0 -AAGCTTGCCATGAATCCGGACAACTT CAC-3 0 ). Transformants for pLuc lines, on the other hand, were PCR screened with a primer pair of forward primer fKanR (5 0 -ATGGGGATTGAACAAGATGG-3 0 ) and reverse primer rKanR (5 0 -TCAGAAGAACTCGTCAAGAAG-3 0 ). The T 0 plants were self-crossed, and progeny were selected in MS medium containing kanamycin (100 mg ml À1 ) to check for Mendelian segregation. The kanamycin-resistant T 1 plants were further self-crossed, and all progeny resistant to kanamycin were selected for putative homozygous T 2 plants, and further confirmed by Southern blotting analysis as described in the section below.
Polyclonal antibody preparation and immunoblotting
The DNA encoding the 199 amino acids between the two ATP-binding domains from osHsp101 were amplified by PCR with a primer pair of forward primer agfNde1 (5 0 -CATATGGCCTGC GCGAACGTGAGGGT-3 0 ) and reverse primer agrHd3 (5 0 -AA GCTTCTGCTGCGGCCGGCCAAGT-3 0 ). The 609 bp DNA fragments were inserted into the NdeI/HindIII site of the expression vector pET-21b (Invitrogen, Carlsbad, CA, USA), which generated a C-terminal histidine-tagged fusion protein in Escherichia coli BL21 (DE3). This protein was overexpressed, purified using a Ni-nitrilo-triacetic acid agarose resin (Invitrogen), and used to immunize rabbits. Polyclonal antisera were obtained and used directly in immunoblotting experiments. Total soluble proteins were extracted from 14-day-old seedlings of transgenic and untransformed tobacco plants which were grown in a 228C growth chamber with protein extraction buffer [50 mM Tris-HCl pH 8.0, 10% sucrose, 1% b-mercaptoethanol, 1% dimethylsulfoxide (DMSO), 0.2% Triton X-100, 0.3 M NaCl, 1.75 mg ml À1 ascorbic acid and 0.5 mg ml À1 phenylmethylsulfonyl fluoride (PMSF)]. Protein concentrations were determined using the Bradford method (Bio-Rad, Hercules, CA, USA). Equal mass amounts of proteins (10 mg) from different transgenic lines were separated in 8% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Blocking was performed in 1Â TBST (10 mM Tris pH 7.5, 150 mM NaCl and 0.05% Tween-20) containing 5% non-fat dry milk. Blots were incubated with primary antibody against osHSP101 (1 : 10,000 dilution) or monoclonal antibody against HSP70 (1 : 1,000 dilution) (Stressgen, Victoria, Canada) in 1Â TBST at room temperature for 1 h, and washed three times with 1Â TBST. Reactive bands were detected using an alkaline phosphate-conjugated secondary antibody.
Southern blot analysis
Total DNA was extracted from 6-week-old seedlings of transgenic and untransformed tobacco plants using a modified cetyltrimethylammonium bromide (CTAB) method (Chen 1999). Total DNA (30 mg) was digested with HindIII or EcoRI restriction endonucleases and electrophoresed in 0.8% agarose gels. Gels were transferred to nylon membranes and hybridized at 658C with DNA fragments labeled with digoxigenin by using PCR according to the manufacturer's protocol (Roche Applied Science, Penzberg, Germany). The blots were washed twice for 5 min at 658C with 40 mM NaPO 4 , and hybridizing fragments were visualized with either chromogenic or chemiluminescent substrates according to the manufacturer's protocol (Roche Applied Science).
Thermotolerance assay
Seeds of homozygous T 2 transgenic lines as well as untransformed tobacco were sterilized and germinated on GM plates (2.2% MS salt with vitamin, 1% sucrose and 0.3% phytagel, pH 5.7) at 258C in a growth chamber. Fourteen-day-old tobacco seedlings were directly shifted to one of the following treatments: 498C for 70 min or 508C for 50 min. After heat treatments, the plates were returned to 258C for recovery, and phenotypic changes were photographed regularly.
osHsp101 as selection marker
Tobacco (N. tabacum L. cv. Petit Havana) leaf discs were transformed with A. tumefaciens strain LBA4404 carrying the pHspGus binary vector as described in the previous section. After being co-cultured with A. tumefaciens, the leaf discs were washed, and the samples were divided into three groups. Two groups of samples were directly placed onto TSM medium either with or without kanamycin (100 mg ml
À1
). The samples in the third groups were allowed to grow on TSM medium for another 5 d in a 258C growth chamber with a 16 h light period. Then the leaf discs were placed into 50 ml centrifuge tubes filled with MS solution and incubated at 478C from 0 to 90 min with a 15 min interval to determine the optimal timing. After heat treatment, the leaf discs were placed onto TSM medium and grown in a 258C growth chamber for 3 weeks before being histochemically stained with X-Gluc solution (2 mM 5-bromo-4-chloro-3-indolyl-b-glucuronide, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 0.1 M potassium phosphate pH 7.0, 0.1% Triton X-100).
Luciferase activity assay in the progeny of reciprocally crossed lines Homozygous transgenic highly expressed osHSP101 lines and lines with various expression levels of luciferase were obtained as described in the previous section. The transgenic osHSP101 lines or untransformed plants were crossed with the -luc-reporter lines (pLuc) with either one as male or female parent. The seeds of the crossed plants were germinated on MS medium at 258C in a growth chamber. Three of the 14-day-old seedlings were harvested and pooled together. Proteins were extracted from 10 pooled samples from the progeny of each crossed line, and a luciferase activity assay was performed in the following manner: protein extract (50 ml) was placed in a luminometer cuvette. Immediately before counting, 180 ml of luciferase assay reagent [25 mM Tricine pH 7.8, 15 mM potassium phosphate pH 7.8, 15 mM MgSO 4 , 4 mM EGTA, 2 mM ATP, 1 mM dithiothreitol (DTT) and 50 ml of luciferin (200 mM)] were added to the extracts, and the mixture was placed in a luminometer (LUMAT, Berthold) to detect photon emission for 20 s. Protein concentrations in the extracts were determined by using the Bradford method (Bio-Rad), and luciferase activity was calculated based on photon emission min À1 mg À1 protein. Statistic analysis was performed using Student's t-test in the SPSS package (SPSS Inc., Chicago, IL. USA).
